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ABSTRACT 


^  i no  at  600  C  of  the  elements  tin,  phosphorus,  silicon. 

The  partitioning  at  600  L  ot  tn  carbide  phases  was  inves- 

antimony,  and  arsenic  between  the  fer^^t  d^^  elements.  These 

tigated  in  Fe-C-X  alloys,  wher  cnsceotibility  for  temper  brittle- 

elements  are  all  known  playing  a  similar  role  in  the  plwnom- 

ness  in  steels  and  are  susp  .  .^^1  or  500  F  embrittlement.  The 

enon  of  tempered  martensite  .  electron  microprobe  analysis, 

procedures  of  metal lographic  examinati  ,  J  analysis  and  crystal 

Lrrlte  lattice  ..ployed  in  the  study. 

Structure  determination  ahove  elements  only  tin  and  phosphorus  ap- 

It  was  determined  that  of  nhnise  tin  apparently  forming  a  ternary 

pear  to  partition  «  the  carbide  ^  „senic  partition 

to  ferrite,  thus  5"of  fer^Ue/car^  interfaces  during 

these  impurities  on  the  ferrite  siae  solution  strengthening 

tempering.  By  virtue  therefore  anticipate  a  greater  embrittling 

effect  in  ferrite,  one  might,  .  *  prediction  borne  out  by 

tendency  J'I^““Hmits”'*distribution  coefficients,  and  other 

;S::'«u;ioS‘:.«  d^tirained  during  the  course  of  this  study.^  (huthors) 
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INTRODUCTION 

The  phenomenon  of  temper  brittleness  has  been  found  to  be  closely  associated 
with  the  presence  of  certain  impurity  elements  in  alloy  steels  which  have  been 
tempered  in  or  slowly  cooled  through  the  575  to  325  C  temperature  range. For 
recent  detailed  discussions  of  temper  brittleness,  the  reader  is  referred  to  re¬ 
views  by  McMahon’O  and  by  Narayan  and  Murphy. U  The  impurities  antimony,  arsenic, 
tin.  phosphorus,  and  silicon  appear  to  render  the  steel  particularly  susceptible 
to  temper  brittleness,  even  though  these  elements  may  be  present  only  in  trace 
amounts.  The  opinion  is  generally  held  that  temper  brittleness  involves  the  re¬ 
versible  segregation  of  these  impurity  elements  to  grain  boundaries  during  temper¬ 
ing.  although  the  precise  details  of  the  embrittlement  mechanism  remain  obscure. 

It  has  been  suggested  that  a  related  form  of  segregation  of  these  same  impur- 
»s  responsible  for  the  phenomenon  of  tempered  martensite  embrittlement  or 
500  F  embrittlement.  •  ‘  Indeed  it  has  been  reported  that  500  F  embrittlement 

was  not  encountered  in  high-purity  steels  from  which  the  elements  antimony,  arse¬ 
nic.  tin.  and  phosphorus  were  absent . 5 . 12 . 1 3  jhe  proposed  mechanism  to  account 
for  this  effect  suggests  that  substitutional  impurities  having  low  mobilities  are 
rejected  by  the  carbides  formeii  during  tempering!^  or  are  swept  ahead  of  the 
advancing  ferrite/carbide  interface.!"  The  impurities  thus  rejected  accumulate 
at  the  ferrite/carbide  interface  and  cause  embrittlement  in  the  same  manner  that 
adsorbed  impurities  would.  The  viability  of  this  mechanism  depends,  of  course, 
upon  the  partitioning  of  impurities  between  ferrite  and  the  carbides  formed  during 
tempering  (Fe^C  in  this  range  of  tempering  temperatures).  It  has  been  the  objec¬ 
tive  of  this  investigation,  therefore,  to  determine  the  equilibrium  partitioning 
of  certain  known  or  suspected  embrittling  impurities  between  the  ferrite  and 
carbide  phases,  in  order  to  provide  the  background  data  necessary  for  the  evalua¬ 
tion  of  these  embrittlement  mechanisms.  In  so  doing,  various  phase  relations  have 
been  determined  in  the  Fe-C-X  ternary  alloy  systems,  where  X  is  one  of  the  impurity 
elements  antimony,  arsenic,  tin.  phosphorus,  and  silicon. 


'  ^  ""  loAx'’"'"!  thm,nn,mlhrlv,ih<^malhmhnnlimtnl,,tSlecly  f  Iron  Sled  InM., 

i  ’  Rev  Mel  .  41 ,  1944,  p.  378-3S8. 

Tin!  1953,  p'376.18r*^'^  R- .iikI  SMI  I II.  .  t/tnl  of  Arunu  and  Xniimmy  on  r,mp,rBrinhmss  Mron  Sled  InvI.. 

t  C  APL*s'  i'M'‘‘?nd  MAv!  £  IJ;  /y'n^T«mi/.  neism/n*A/Srr//»  /n«i.«a,r  1/^^  J,  Iron  Sleel  InM  .  v  173.  1953,  p.  387-398. 
I9W)  p  I  33-1.38^  ^  ">  H' on  fmhniilrmcni  fh.  nom.  m  in  lowMIoy  Steels.  Melalluigu.  v.  62, 

'“"‘  'Ji;'''  •''’-■I'  <t"d  lemper  Hniileness  J.  Iron  Sleel  Invl.,  v.  2(KI.  1962  p.  922-927 

■  f  ln.n  S^eedjnt/.'v '2i;l“  "<  '«*< 

9  LOw'^l'R^jr  srilv  n'V'''riiK  uVi’v  'a  Iranv  ASM.  v  6(1.  1967.  p  699-706. 

Trins.  IMS-AIMi!,  242'l96/p^  '  M.  and  LalORC  1.  R  P  Alloi  and  Impuntv  tl/nison  Tempir  Brittleness  of  Sleel. 

n^^l^  ^968^p  Temper  I  mbrilllemenl  in  Sleel.  ASIM  STP4n7.  ASTM. 

' '  ^liS?r4^  lr«n  MtTfnM'*"v^  ^mHrittlement  as  it  A,, eels  Mamr  Su-am  rurhine  and  tienirator  Bonn 

^  d'oUgo-rlements  sur  la  resilieiue  desaeiers  /oihlemenl  allies,  trempes  et  reienus.  Rev.  Mel.,  v.  56.  1959, 

'  rnM'!!’,^’20l'*  j  “'Xi  '*<  h  mhriitlemeni  of  Iliyh  .Sircnglli  Mariensitie  Allor  .Ste,  Is.  J.  Iron  Sleel 

pi£!^‘^yra”^K:  m8.  p."455!48(t'  '’>“'l*‘«  Interfaies  in  Suifaeev  and  Inlerfaeev.  ».  II.  Syracuse  Universily 

p.^s*!  rMi**  ■  AM  ill  .  A.  A.  Temper, -d  Mart.nule  I mhritilemenl  and  Traeture  Tmuhness  m  4.<40  Steel.  1.  Malls.,  v.  4.  1969. 

16.  1-  •*'’'1  Mv  MAHON.  (  .  J..  Ir.  Int.rtranidar  Tmhrittlement  of  Iron  Carbon  illovs  by  Impurities  Mel.  Trans.,  v.  5.  1974. 
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This  work  has  been  limited,  for  the  most  part,  to  an  investigation  of  phase 
relations  in  tlie  iron-rich  corner  of  the  Fe-C-X  ternary  phase  diagram  at  a  temper¬ 
ature  of  600  C,  although  a  limited  amount  of  data  were  obtained  at  other  tempera¬ 
tures  as  well.  The  600  C  temperature  was  selected  primarily  because  it  was  felt 
that  thermodynamic  equilibrium  between  the  various  phases,  and  also  structures  of 
sufficient  metallographic  coarseness,  could  not  conveniently  be  obtained  below 
this  temperature.  Furthermore,  because  of  the  close  proximity  of  the  temper 
brittleness  temperature  range  and  because  no  equilibrium  phase  changes  occur  at 
lower  temperatures  in  any  of  the  alloy  systems  under  investigation,  the  data  are 
expected  to  be  of  significance  in  the  mechanisms  of  both  temper  brittleness  and 
tempered  martensite  embrittlement. 


EXPERIMENTAL  ALLOYS 

Both  binary  Fe-X  and  ternary  Fe-C-X  alloys  were  made  up  using  Ferrovac  E 
of  99.98%  Fe  containing  0.002%  0  and  0.002%  C.*  The  carbon  addition  was  high 
purity  graphite  and  the  alloying  additions  were  of  the  highest  purity  readily 
available.  Alloys  were  nonconsumably  arc  melted  under  argon  three  times  and  cast 
into  2-inch  cubes.  The  ingots  of  lower  alloy  content  were  then  heated  to  800  C 
under  argon  and  hot  pressed  to  1/2-inch-thick  plate,  but  the  ingots  of  higher 
alloy  contents  were  too  brittle  to  be  forged  and  so  were  heat  treated  directly 
in  the  as-cast  condition.  The  chemical  analyses  of  the  alloys  studied  are  pre¬ 
sented  in  tables  in  the  Results  and  Discussion  section. 

Heat  treatments  were  devised  with  the  object  of  obtaining  coarse  equilibrium 
microstructures  at  the  desired  temperature  of  600  C.  For  this  purpose  various 
exploratory  heat  treatment  procedures  were  carried  out  on  the  alloy  series  con¬ 
taining  antimony.  Homogenization  was  performed  at  temperatures  in  the  range 
900  to  1200  C,  followed  by  slow  cooling  to  600  C  and  holding  at  that  temperature 
for  various  time  intervals  from  two  weeks  to  one  month.  Based  on  these  prelimi¬ 
nary  studies,  the  eventual  heat  treatment  settled  upon  involved  homogenizing  at 
800  to  900  C  (depending  upon  the  alloy),  furnace  cooling  to  600  C,  and  holding 
at  600  C  for  a  period  of  two  weeks,  followed  by  water  quenching  to  room  temper¬ 
ature,  All  heat  treatments  were  carried  out  on  specimens  encapsulated  in  quartz 
ampules  which  had  been  purged  with  argon  and  then  evacuated  to  10'^  torr.  Several 
of  the  alloys  were  found  to  remain  quite  inhomogeneous  in  spite  of  all  efforts  to 
obtain  homogeneity. 


EXPERIMENTAL  PROCEDURES 

Specimens  were  examined  metal lographical ly  and  the  chemical  compositions  of 
the  phases  encountered  in  the  various  alloy  systems  determined  by  electron  probe 
analysis  where  possible.  In  addition,  the  solubility  of  element  X  in  ferrite  and 
information  on  the  partitioning  of  element  X  between  the  ferrite  and  carbide 
phases  were  determined  from  measurements  of  the  ferrite  lattice  parameter.  Finally, 
carbides  were  extracted  from  several  of  the  alloys,  analyzed  chemically,  and  their 
crystal  structures  examined  by  X-ray  diffraction.  Details  of  these  procedures 
follow. 

‘Concentrations  throughout  this  report  will  be  given  in  weight  percent. 
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Electron  Probe  Analysis 

llectron  probe  m icroanalys is  was  used  to  determine  the  composition  of  the 
phases  in  a  number  of  the  alloys.  An  A.MR  electron  beam  microanalyzer  with  a 
focus  ^1  u  in  diameter  was  employed.  As  in  an  X-ray  tube,  the  element  to  be  in¬ 
vestigated  in  the  specimen  acts  as  a  primary  source  of  X  rays  The  analysis  ot 
the  cLracteristic  X-rav  lines  was  done  by  means  of  two  curved  mica  crystal  focus¬ 
ing  spectrometers  set  up  to  record  the  various  X-ray  lines  of  the 
ments.  Thf  rcsultins  X-ray  intensity  of  the  investigated  alloying 
each  location  in  the  microstructure  was  then  counted  and  recorded.  The  observed 
X-ray  intensities  of  the  investigated  element  were  converted  to  concentrations 
utilizing  calibration  standards  available  in  the  laboratory. 

Carbide  Extraction 

Based  upon  previous  studies  involving  the  electrolytic  extraction  of  car¬ 
bides  two  procedures  were  investigated.  The  first  utilized  a  two- 

co«pa«.ent  electrolytic  cell  in  which  a  10%  IICI  solution  was  used  as  'b*  snolyte 
and  a  10%  CuSO^-SIbO  solution  as  the  catholyte.  The  second  technique  employed 
single  cell  contaiLng  a  10%  IICI  solution  in  ethyl  alcohol  in  which  the  alloy 
specimen,  about  1/2-inch  in  diameter  and  2  inches  long,  served  as  the  anode  and  a 
platinum  net  as  the  cathode.  The  latter  procedure  proved  simpler  and  con¬ 

venient  and  gave  satisfactory  results,  and  so  the  bulk  of  the  carbide 
were  collected  using  this  technique.  It  took  about  48  to  Jours  at  a  ye  y 
current  density  of  about  0.01  amp/cm^  to  collect  enough  carbide  for  chemical 
and  X-ray  analyses.  The  carbides  that  accumulated  on  the  specimen  surface  were 
scraped  lightly  from  the  specimen,  washed  several  times  in  water,  alcohol,  and 
finally  ether,  and  then  collected  for  analysis.  On  several  occasions  the  collected 
carbides  were  pyrophoric  and  began  to  burn  as  soon  as  they  were  dried.  This  ten¬ 
dency  to  rapidly  convert  to  oxide  may  have  been  responsible  for  some  spurious 
X-ray  diffraction  peaks  to  bo  reported  on  later,  in  that  the  final  specimen  may 
have  actually  been  a  mixture  of  the  carbide  and  unknown  oxides.  Ilowever,  this 
aspect  should  not  have  seriously  affected  the  chemical  analyses  insofar  as  the 
concentration  of  element  X  is  concerned. 

X-Ray  Diffraction 

All  the  ferrite  lattice  parameter  data  were  obtained  from  solid  specimens. 

The  laliice  parLotor.  were  measured  at  24  rl  C  using  an  X-ray  d,  fraetometer 
with  cobalt  radiation.  Diffraction  peaks  were  obtained  at  26  angles  from  50  to 
160“.  In  most  specimens  the  peak  profile  was  symmetrical  so  that  the  value  of  .9 
was  determined  by  simple  bisection  of  the  peak.  An  average  of  twenty  peaks  were 
measured  per  specimen.  A  least-squares  extrapolation  of  the  lattice  parameter 


.8.  f  rIjI  "  R.?anVBbNKmCKrc^ 

19  BLICKWr  orfa  and'cOIII-N,  M.  The  Isolation  of  Carbides  from  High  Speed  Steel.  Trans.  AlMl- .  v.  1 85  l^^Ko'LnUvh^sireiieth 
in  KlINr.LFR  L  J  BARNITT  W.  J..  I  ROIIMBI'RG.  R.  P..  and  TROIANO,  A.  R.  The  kmhritllement  of  Alloy  Steel  at  Htgh  Strength 

Levels.  Trans.  ASM,  v.  46.1954.  p.  1557-1589. 
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data  with  cot6  was 
parameters  with  a 


made  to  the  value  at, 6  «  90*.  With  this  procedure  lattice 
precision  of  ±0.0001  A  could  normally  be  expected. 


Carbide  lattice  parameters  were  obtained  from  the  extracted  carbides 
an  X-ray  diffractometL  with  chromium  radiation.  The  amount  of 
Se  obtained  in  several  instances  was  small,  giving  rise  to  rather  broad  diffrac¬ 
tion  peaks  The  observed  peaks  were  indexed  assuming  the  structure  to  be  ortho 
riol^ri^hS  the  alloying  element  X  has  been  substituted  ^r  J^oms  Jn 
the  cementite  structure  to  produce  a  (Fe,X)3C  type  carbide.  The  carbide  lattice 
oarameteJs  were  calculated  by  a  method  of  weighted  least  squares^!  ^hich  assumed 
the  measured  cell  parameters  to  be  affected  by  absorption  and  beam  divergence  in 
a  manner  suggested^by  Nelson  and  Riley. 2*  The  resulting  unit  cell  dimensions 
ca^rL  co5sidered\ery  precise,  but  they  are  of  sufficient  accuracy  to  estab¬ 
lish  qualitative  trends  in  the  data. 


PHASE  RELATIONS  DERIVED  FROM  FERRITE  LATTICE  PARAMETER  DATA 

In  most  instances  the  ferrite  lattice  parameters  of  ® 
alloys  will  vary  linearly  with  the  concentration  of  X  as  shown  schematically  in 
cimiTA  1  The  chanee  in  lattice  parameter  reflects  the  changing  proportions  o 
alS;rof’di?fereI;rfwc  raSii  iS  a  substitutional  solid  solution.  The  lattice 
parameter  no  longer  changes  with  composition  as  soon  as  the  alloy  . 

falls  within  the^two-phase  region  of  the  phase  diagram,  due  to  the  fact  that  the 
roiimosition  of  the  ferrite  has  become  fixed  at  the  value  characteristic  of  the 

phwe  boundary.  Thus  the  solid  solubility  of  J  ’^J^Talloys 

by  the  point  at  which  the  lattice  parameter  becomes  constant  in  binary  Fe  X  alloys 

(point  b  in  Figure  1),  a  well-known  result. 

<;iinllarlv  for  a  series  of  Fe-C-X  alloys  with  a  fixed  carbon  content  lying  in 
the  -feri uH  cartide"  two-phase  region  of  the  ternary  Pba»e  diagram,  the  ferrite 
^attic^^arLeter  will  also  vary  more  or  less  linearly  with  the  concentration  of 

X.  If  ole  makes  the  assumption  that  carbon  Jub- 

ferrite  lattice  parameter  insignificantly  compared  with  the  effect  of  the  sub 

stitutional  element  X  (an  assumption  borne  out  by  J"^*®2“®"^ J“^^Jj*pP“rTllIoy 
mwsurements).  then  the  ferrite  composition  is  easily  obtained,  .^n  Fe-C-X  alloy 
with  overall  concentration  x^  has  the  ferrite  lattice  parameter 
Figure  1.  which  in  turn  corresponds  to  the  ferrite  composition  x^^  that  in  this 
case  is  richer  in  X  than  the  alloy  as  a  whole. 

The  Plot  of  ferrite  lattice  parameter  versus  percentage  of  X  in  Fe-C-X  ajlo/s 
with  fixed  carbon  contents  will  remain  linear  until  the  boundary  separating  the 
^i^pJafe  reSorfrom  tSe  "ferrite  .  carbide  *  intermetal  lie"  three-phase  region 
irreached  The  ferrite  in  all  alloys  lying  in  the  three-phwe  region  is  of 
fixed  composition  and  hence  of  constant  lattice  parameter.  ^^® 

at  which  the  ferrite  lattice  parameter  becomes  constant  in  Fe-C-X  alloys 

S^oslt?^  at  the  boundary  bet.e«.  the  t«o-phase  «.d  the  threa-ph... 

21  COX,  A.  A.,  and  STEWARD,  E.G.  An  l.C.T.  Fortran  Program  for  Leaa-^uares  Refinement  of  CryatalStructure  Cell  Dimentlons. 

22  NELOTN*,*  i.  B.,  and  RILEY,  D.  P.  An  Experimental  Investigation  of  Extrapolation  Methods  in  the  Derivation  of  Accurate  Unit-Cell 
Dimensions  of  Crystals.  Proc.  Roy.  Soc.,  London,  v.  57,  1945,  p.  160-177. 
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Figure  1.  A  schematic  plot  of  the  ferrite  lattice  parameter 
versus  coiKentration  of  substitutional  alloying  element  X 
in  Fe-X  binary  alloys  and  Fe-C  X  ternary  alloys.  Point  b 
defines  the  limit  of  solid  solubility  of  X  in  ferrite  in  Fe-X 
alloys.  Point  a  defines  the  concentration  of  X  in  Fe-C-X 
alloys  of  that  particular  carbon  content  at  which  the  alloy 
microstructure  begins  to  contain  three  phases,  and  point  c 
defines  the  corresponding  ferrite  concentration. 


regions  (point  a  in  Figure  1),  and  the  corresponding  ferrite  composition  (point  c 
in  Figure  1)  represents  the  solubility  limit  of  X  in  ferrite  saturated  with  carbon. 


Within  the  ferrite  single-phase  field  the  ferrite  lattice  parameter  can  be 
expressed  as 


a(x  )  =  a(o)  ♦  Mx 
a  a 

where  a(o)  is  the  lattice  parameter  of  pure  alpha  iron,  is  the  percent  of  ele¬ 
ment  X  in  the  ferrite  (which  also  is  the  percent  of  element  X  in  the  binary  alloy), 
and  M  is  the  slope  of  the  line  in  Figure  1.  If  one  assumes  as  before  that  the 
ferrite  lattice  parameter  is  insignificantly  affected  by  carbon,  then  Equation  (1) 
also  describes  the  ferrite  lattice  parameter  in  ternary  Fe-C-X  alloys  as  well, 
provided  x  is  the  percent  of  element  X  in  the  ferrite  alone.  Assuming  further 
that  the  distribution  ratio  of  element  X  in  the  carbide  to  X  in  the  ferrite,  xq/x^^, 
is  constant  at  a  constant  temperature  within  the  two-phase  region  of  the  ternary 
phase  diagram,  then  the  concentration  Xji  of  X  in  ferrite  is  proportional  to  the 
concentration  x.  of  X  in  the  alloy  as  a  whole,  where  the  proportionality  constant 
is  a  function  or  the  distribution  ratio  and  of  the  carbon  content.  Therefore,  the 
ferrite  lattice  parameter  in  a  series  of  ternary  Fe-C-X  alloys  with  a  fixed  carbon 
content  can  also  be  described  by  an  equation  of  the  same  form  as  Equation  (1),  but 
in  which  x  is  the  percent  of  element  X  in  the  alloy  and  M  takes  on  a  new  value 
characteristic  of  this  particular  ternary  series. 

Referring  to  the  schematic  isothermal  section  through  the  Fe-C-X  phase  dia¬ 
gram  in  Figure  2,  the  concentration  of  X  in  the  ferrite  is  given  by 

X(j  ■  Xq  -  m(cQ  -  Cq)  (2) 

where  c  is  the  percent  carbon  in  the  alloy,  Cg  is  the  carbon  content  of  the  fer¬ 
rite,  m°is  the  slope  of  the  tie  line  in  the  "ferrite  ♦  carbide"  two-phase  field, 
and  the  carbon  content  of  the  ferrite  and  of  the  carbide  are  both  assumed  to  be 
negligibly  affected  by  X.  Combining  (1)  and  (2),  the  ferrite  lattice  parameter 
in  a  ternary  alloy  becomes: 
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(3) 


a(x)  =  a(o)  ♦  M(Xq  -  mCg') 

=  a(o)  ♦  [M(l  -  ™Cq'/x^)]x^ 

where  Cq'  =  Cq  -  c^.  Thus  a  plot  of  the  ferrite  lattice  parameter  in  ternary 
Fe-C-X  alloys  of  constant  carbon  content  versus  the  total  concentration  x  is 
also  linear,  with  an  effective  slope  M'  given  by  the  tei*m  in  the  square  brackets 
i.e.,  ’ 


M'  =  M(1  -  mc^Vx^)  .  (4) 

If  the  slope  m  of  the  tie  line  is  negative  (as  illustrated  in  Figure  2),  then  |m*  I 
is  greater  than  |m|  as  shown  in  Figure  1,  This  will  correspond  to  a  ferrite 
composition  x^^^  that  is  richer  in  X  than  the  overall  alloy  composition,  which  of 
course  must  be  balanced  by  a  depletion  of  element  X  from  the  carbide  and  therefore 
Should  |M' I  be  less  than  (m|,  the  reverse  is  true,  namely  Xr  >  x„.  The 
ratio  k  of  the  concentration  in  the  carbide  to  the  concentration  in  the  ferrite, 
X(;/Xj^,  may  be  expressed  quantitatively  in  terms  of  the  measured  changes  in  lattice 
parameter  as  follows: 

From  Figure  2 


X,,  -  X  X  (k  -  1) 
_C _ a  _  _ _ 

6.65  6.65 


(5) 


Combining  (2)  and  (5), 

(Xq  -  mc^')(k  -  1) 
m  =  —  -  —  ■ 

6.65 


which  leads  ultimately  to 

Xo(k  -  1) 

m  =  — — , 

Cg'Ck  -  1)  +  6.65 

Inserting  this  result  into  (4)  yields 


M' 


c^'{k  -  1) 
c^'(k  -  1)  +  6.65 


Figure  2.  Schematic  Fe-C-X  ternary  phase  diagram. 


=  M 


c  '(k  - 
0 


.65 

1)  +  6.65 


Rearranging  terms  gives  the  desired 


(8) 

result 


k  =  1  ■  6.65(M  -  MM  ^ 

M'c  ' 

0 


(9) 
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Thus  if  M'  >  M  (as  in  Figure  1),  k  <  1  and  the  ferrite  is  richer  in  X  than  the 
carbide.  If  M'  <  M,  then  k  >  1  and  the  carbide  is  richer  in  X  than  the  ferrite. 

M'  =  M  implies  that  X  shows  no  preference  for  partitioning  to  either  the  ferrite 
phase  or  the  carbide  phase.  Therefore,  within  the  framework  of  the  assumptions 
stated  previously,  the  experimental  measurement  of  ferrite  lattice  parameters  in 
single-phase  binary  Fe-X  alloys  and  in  two-phase  Fe-C-X  alloys  can,  in  principle, 
enable  the  determination  of  the  distribution  coefficient  k,  provided  M  and  M’  can 
be  measured  with  sufficient  accuracy.  The  stringency  of  this  latter  requirement 
becomes  apparent  when  one  considers  that  in  ternary  alloys  containing  about  0.7% 
carbon,  a  distribution  ratio  k  =  2  results  in  only  a  10%  difference  between  M 
and  M' . 

In  this  study,  M  and  M*  were  normally  determined  from  a  least-squares  regres¬ 
sion  analysis  of  the  lattice  parameter  data.  In  some  instances,  however,  it  was 
not  possible  to  make  up  a  complete  alloy  series  with  a  constant  carbon  content. 
When  this  occurred,  the  lattice  parameter  measured  in  an  individual  Fe-C-X  alloy 
could  be  useci  independently  to  determine  k  by  assuming 

a(x  )  -  a(o) 

M'  =  - - - 


which  results  in 

6.65  [Mx^  -  a(x  )  +  a(o)] 

K  =  1  . - 2 - 2 -  (10) 

[a(x^)  -  a(o)]c^' 

From  a  statistical  standpoint,  this  is  a  less  desirable  procedure  to  follow  than 
that  leading  to  Equation  (9). 


RESULTS  AND  DISCUSSION 


Fe-Sn  and  Fe-Sn-C  Alloys 

The  published  Fe-Sn  binary  phase  diagram^^  is  shown  in  Figure  3.  The  alloy 
series  containing  tin  may  be  divided  into  three  groups  (see  Table  1) :  (1)  a 

binary  Fe-Sn  series  (%C'v0.02);  (2)  a  low-carbon  series  (%C'v0.26);  and  (3)  a  medium- 
carbon  series  (%C'v0.45).  The  microstructures  of  several  alloys  homogenized  at 
900  C  and  annealed  at  600  C  for  two  weeks  are  shown  in  Figures  4  to  6.  The  binary 
Fe-Sn  series  is  totally  ferritic  until  the  tin  content  exceeds  that  of  10.55%  Sn 
alloy  (Figure  4b)  at  which  point  an  acicular  phase,  the  intsrmetallic  compound 
FeSn,  appears  (Figure  4c)  ,  Figure  7  shows  the  solid  solution  hardening  produced 
in  ferrite  by  the  presence  of  tin.  The  low-  and  medium-carbon  series  (Figures  5 
and  6)  show  the  presence  of  an  acicular  phase,  suggestive  of  FeSn,  already  at 
concentrations  less  than  3%  Sn  (see,  for  example,  Figure  6b),  although  there  is 
reason  to  believe  it  is  neither  FeSn  nor  cementite  but  rather  a  ternary  carbide. 

23.  HANSEN,  M.,  and  ANDERKO,  K.  Constitution  of  Binary  Alloys.  McGraw-Hill,  New  York,  2nd  cd.,  1959. 
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Ttble  i.  Fe-Sn  AND  Fe-Sn-C  AUnvS 


a.  Fe0.89%Sn-0.S2%C 


b.  Fe-2.79%Sn-0.48%C 


c.  Fe-12.39%Sn  0.42%C 


d.  Fe-16.93%Sn-0.42%C 


Figure  6.  Microstructures  of  Fe-Sn-C  alloys  of  the  medium-carbon  series.  Mag.  500X. 


't,«S»0.i4--W'?!-T‘''4 


Some  representative  results  obtained  by 
electron  microprobe  analysis  are  presented  in 
Table  1.  Two  tin-rich  phases  were  encountered 
in  the  alloys;  that  phase  showing  the  highest 
concentration  of  tin  is  most  likely  FeSn,  the 
other  a  tin-bearing  carbide.  The  FeSn  com¬ 
pound  is  not  encountered  below  approximately 
10  wt%  Sn  in  any  of  the  alloys.  One  further 
notices  that  in  all  carbon-bearing  alloys 
the  tin  content  of  the  ferrite  matrix  is  be¬ 
low  that  of  the  alloy  as  a  whole  (when 
measured  by  the  microprobe),  and  that  all 
carbides  were  observed  to  be  richer  in  tin 
than  the  matrix.  The  concentrations  reported 
for  the  carbides  should  not  be  taken  to  be 
quantitative  since  areas  of  the  adjacent 
matrix  were  also  excited  by  the  electron  beam 
and  so  contributed  to  the  measured  fluorescent 
intensities.  Nevertheless,  the  results  point 
Figure  7.  The  hardening  of  ferrite  by  tin.  indisputably  toward  the  conclusion  that 

there  is  an  enriehment  of  the  carbide  phase  in  tin  and  a  corresponding  depletion 
of  the  ferrite  matrix. 


The  chemical  analyses  of  the  extracted  carbides  ag«e 

carbide  would  both  lead  to  errors  in  the  subsequent  chemical  analysis  which  are 
difficult  to  detect  and  evaluate. 


Table  2  presents  X-ray  diffraction  data  obtained 

alloys  of  the  medium-carbon  series.  These  are  “rt  thr 

Obtained  from  cementite  (FejC)  ^SHodeied  a  sUng  rte  carbide 

ASTM  diffraction  standards  for  FeaC.  The  peaks  were  inae  ® 

to  be  of  the  (FeSnjaC  t^e  having  an  o’^^^orhon^ic  c^stal^struc^^^  concentra- 

lated  orthorhombic  lattice  parameters  are  sho  p  _  .  exceeds  that  of 

tlon  of  the  alloy  in  Figure  8  Sin«  the  atomic  radius 

iron  one  would  expect  that  the  substitution  of  tin  tor  iron  uii 

Imicrwill  resul?  in  an  Increase  in  unit  cell  “^g. 

calculated  lattice  parameters  are  larger  i  „  ®  -c.  f-ct  that  the  parameters 

gests  a  higher  tin  content  for  the  «tbide  H»ever.  the  fact  that  t 

‘“jitrtf?:e“pS5urtb«  »Su^-  “SalVerreached  aL  th^at  a  dif- 
ferent  carbide  phase  has  formed. 

The  large  standard  deviations  found  with  the  carbide  lattice 

-  S‘"a  :rof  sir  i-c:  rr:rf  rr/oi  raSif 
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Table  2.  «-RAY  DATA  fROM  CARBIOtS  EXTRACTED  FROM  Fe-5n-C  ALLOYS 

Alloy 


(ASTM  A- 7 
Standard)  OXSn 

2e  • 

I  •  VRt 
d  ■  2. 54 


0.891Sn  2.791Sn  8.45iSn 


A-18  A-19 

12.39tSn  16.93tSn 


2e  • 

I  =  M 
d  •  2.26 


60.433  60.737 
M 

2.276  2.266 


61.017 

VS 

2.256* 


61.233 

VS 

2.249* 


61 .466 
VS 

2.242* 


26  • 

I  ■  VS 
d  •  2.10 

26  • 

I  ■  VS 
d  ■  2.06 

26  • 

I  ■  VS 
d  >  2.01 

26  • 

1  ■  VS 
d  •  1 .99 

26  • 

I  •  -M 

d  •  1.87 

26  • 

I  •  S 
d  •  1.86 

26  • 

I  •  -M 
d  •  1.77 


004/023  I  ■  -M 

d  •  1 .68 

26 

221  I  •  -W 

d  •  1.61 

26  ■ 

130  I  •  -M 

d  •  1.59 

26  • 

222  I  •  M 

d  •  1.51 


65.444  65.733 
VS  s 
2.119  2.111 


70.432  70.700 
VS  S 
1.986  1.980 


71 .911 
S 

1.951* 


-s 

- 

- 

1.856 

80.978 

82.599 

82.433 

+M 

♦W 

-M 

1.764 

1.736* 

1.739* 

85.555 

-M 

- 

- 

1.687 

88.455 

U 

- 

- 

1.642 

92.200 

92.200 

92.473 

+W 

W 

M 

1.590 

1.590* 

1.586* 

98.811 

98.235 

*W 

-W 

- 

1.509 

1.515 

112.815 

112.767 

113.147 

vw 

-S 

VS 

1.375 

1.376* 

1.373* 

124.770 

124.233 

124.599 

VW 

-W 

-M 

1.293* 

1.296* 

1.294* 

138.400 

137.333 

137.933 

+M 

-M 

•M 

1.225* 

1.230* 

1.227* 

92.533 

M 

1.585* 


82.599 

♦W 

1  .736* 


92.633 

W 

1.584* 


113.155  113.233 


124.599  124.711 


138.067  138.133 


+Intens1t1es'  S  ■  Strong,  M  ■  medium,  W  “  Y»e4R,  V  ■  very 
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7,18 
7  14 
7  10 
7  06 
7  0? 
6  18 
6  94 


_6.90 
16.86 
|6.82 
1 6, 78 
.$6.74^ 


■a  : 

35.20 
5. 16 
5.12 
5.08' 


/ 

/ 

I 


♦ 


1 


T 

i 


c  Parameter 


♦ 

1 


* 

6  '  Parameter 
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♦ 


the  diffraction  peaks  obtained  from 
Specimens  A-16  through  A- 19  were  also 
consistent  with  the  diffraction  pattern 
obtained  from  a  cubic  crystal  with  a 
lattice  parameter  of  3.88  X  (cf. 

Table  3).  The  metallographic  and 
X-ray  investigations  of  Stadelmaier 
and  coworkers^** did  in  fact  report 
the  presence  at  800  C  of  a  ternary 
carbide  having  an  ordered  cubic  crystal 
structure  with  a  lattice  parameter  of 
3.86  A,  with  a  composition  variously 
reported  as  FcjSnC  or  FeyoSnisC^^. 

It  would  thus  appear  that  the  extracted 
carbide  specimens  may  have  been  a 
mixture  of  this  ternary  carbide  with 
another  phase,  most  likely  cementite. 

No  evidence  for  a  contribution  from 
the  FeSn  phase  to  the  observed  diffrac¬ 
tion  patterns  was  found. 


458 


4.54C 

4501 


"a"  Parameter 


%  Sn 


Figure  8.  Lattice  parameters  of  orthorhombic  (FeSn)3C 
as  a  furKtion  of  tin  concentration  in  Fe-Sn-C  alloys 
of  the  medium-carbon  series. 


What  probably  constitute  the  most 
precise  data  relating  to  phase  relations 
in  the  Fe-Sn-C  system  are  the  ferrite 
lattice  parameter  measurements.  These 
data  are  shown  in  Table  1  and  also 
appear  plotted  versus  tin  concentration 
in  Figure  9.  The  lattice  parameters 
for  the  Fe-Sn  binary  alloys  agree 
well  with  previously  reported  results,^® 
as  expected  by  the  substitution  of  the 

a  variety  of 


showing  the  ferrite  lattice  to  be  expanded 

larger  tin  atom.  One  binary  alloy  (Specimen  A- 13)  was  annealed  at 
temperatures  within  the  two-phase  field;  its  lattice  parameters  define  the  solu¬ 
bility  limit  for  tin  in  ferrite  at  these  temperatures.  The  measured  solvus  line 
is  shown  on  the  binary  phase  diagram  in  Figure  10.  The  solubilities  at  800  and 
900  C  agree  with  published  values  based  upon  the  metallographic  work  of  Edwards 
and  Preece;^^  agreement  is  not  as  good  with  the  X-ray  study  of  Ehret  and 


Westgren 


2^ 


The  lower  temperature  values  have  not  before  been  measured. 


From  Figure  9,  the  fact  that  M'  for  the  Fe-Sn-C  alloys  is  less  than  M  for 
the  Fe-Sn  binary  alloys  indicates  immediately  that  the  distribution  coefficient 
k  is  greater  than  one,  and  that  the  element  Sn  partitions  to  the  carbide  phase, 
qualitatively  corroborating  all  previous  observations  in  this  study.  The  values 
of  k  calculated  from  Equation  (9) ,  when  the  alloys  were  grouped  into  low-  and 
medium-carbon  series,  are  presented  in  Table  1.  The  very  large  values  of  k  indi¬ 
cate  a  steeply  sloping  tie  line  in  the  "ferrite  +  carbide"  two-phase  field 


24.  STADELMAIER,  H.  H.,  and  HUETTIiR,  L.  L.  Ternary  Carbides  of  the  Transition  Metals  Nickel,  Cobalt,  Iron,  Manyanese  with 
Zinc  and  Tin,  Acta  Met.,  v.  9,  1959,  p.  415-419. 

25.  STADELMAIER,  H.  H.,  and  WALLER,  J.  M.  Vher  das  ternare  Systetr  Kisen-Zinn-Kohlenstoff.  Mclall..  v.  15,  1961,  p.  125-126. 

26.  EHRET,  W.  I'.,  and  WESTGREN,  A.  E.  X-Ray  Analysis  of  Iron-Tin  Alloys,  J.  Am.  Cliein.  Soc.,  v.  55,  19.1.1,  p.  1119-1151. 

27.  EDWARDS,  C.  A.,  and  PREECE,  A.  A  Study  of  the  Constitution  of  the  Iron-Tin  Alloys,  i.  Iron  Steel  Inst.,  v.  124,  1 91 1 .  p.  41-66. 
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Table  3.  Te-P  AND  fe-P-C  ALLOYS 


flprtron  Probe  Analysis  (X 

JU _ 

C  a  rh  i  de 

Ferri te 

A1 loy  No. 

ComDOsition 
?C  tP 

Territe 
Malri « 

Cartude 

Inter*  letal  lie 
Phase  (fe^P) 

Overal 1 

[ xtrdCt 

tP 

laltice 

Parameter 

B-2 

0.02 

0.69 

2.8659 

C-1 

0.02 

1.37 

B-3 

0.02 

2.08 

B-4 

0.02 

2.65 

2.29 

- 

16.3 

- 

B-6 

0.02 

3.31 

2.07 

• 

16.3 

* 

R.fi 

0.31 

0.68 

0.78-1.96 

0.26-0.73* 

0.75 

5.6 

2.8663 

B-7 

0.32 

1.41 

1.39-1.81 

1 .40 

- 

1 .57 

10.9 

2.8664 

B-8 

0.31 

1 .98 

16.4 

2.8662 

6-9 

0.28 

2.16 

2.08-2.56 

0.63* 

15.1 

2.65 

13.9 

2. 8664 

B-IO 

0.31 

2.85 

1 .05-2.40 

3.45* 

15.2 

4.38 

13.5 

2.8664 

^Annealed  at  600  C 

•Includes  excitation  of  adjacent  area'. 


2.930 


1410 


mt 


I  HO 


10  12 
»  Sn 


f  MOj- 


OFe-Sn 
•  Fe-Sn-0.29%C 
■  Fe-Sn-0.47%C 
□  Ehret  and  Westqren  iRef.  26' 
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Figure  9.  Ferrite  lattice  parameter  as  a  function  of 
tin  concentration  in  Fe-Sn  and  Fe-Sn-C  alloys, 
annealed  at  600  C  unless  otherwise  indicated. 


%  Sn 

Figure  10.  Iron-rich  end  of  the  iron-tin 
binary  phase  diagram  based  upon  present 
results,  showing  the  a-solvus. 
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(i.e.,  a  steep  slope  opposite  to  that  in  Figure  2),  requiring  the  existence  of  a 
tin-rich  ternary  carbide,  probably  not  of  the  cementite  structure.  It  would 
appear  in  fact  that  the  two-phase  field  being  traversed  by  the  low-  and  medium- 
carbon  series  of  alloys  is  not  the  "ferrite  ♦  cementite"  field,  but  rather  the 
"ferrite  ♦  ternary  carbide"  two-phase  field,  and  that  the  isothermal  section 
through  the  ternary  phase  diagram  must  appear  as  illustrated  in  Figure  11.  Such 
a  diagram  would  be  consistent  with  the  higher  temperature  isothermal  sections 
reported  by  Stadclmaier  and  coworkers. Because  the  carbon  content  of  the  tern¬ 
ary  carbide  is  different  from  that  of  cementite,  the  distribution  coefficients 
calculated  from  Equation  (9)  and  reported  in  Table  1  should  in  reality  be  approx¬ 
imately  30  percent  lower,  but  they  nevertheless  remain  considerably  larger  than 
one.  Unfortunately,  the  limited  extent  of  the  "ferrite  ♦  cementite"  two-phase 
field  if  it  is  indeed  as  shown  in  Figure  11,  would  not  allow  a  determination  of 
the  distribution  coefficient  for  tin  between  these  latter  two  phases. 

Fe-P  and  Fe-P-C  Alloys 

The  published  Fe-P  binary  phase  diagram^^  is  shown  in  Figure  12.  The  alloy 
series  containing  phosphorus  is  divided  into  two  groups  (see  Table  3):  (1)  a 

binary  Fe-P  series  ('^CM).02)  and  (2)  a  medium-carbon  series  (%C'v0.31).  The  micro- 
structures  of  alloys  which  were  homogenized  at  900  C  and  annealed  at  600  C  for 
two  weeks  are  shown  in  Figures  13  and  14.  A  second  phase  (Fe^P)  appears  in  the 
binary  alloys  containing  more  than  1  wt'o  P,  in  agreement  with  the  early  metallo- 
graphic  work  of  Vogel  and  Bauer^®  and  consistent  with  the  published  phase  diagram. 
However,  Fe^P  was  not  detected  in  the  ternary  Fe-P-C  alloys  by  the  electron 
microprobe  until  phosphorus  concentrations  in  excess  of  2  wt%  were  reached.  The 
solid  solution  hardening  of  ferrite  due  to  substitutionally  dissolved  phosphorus 
is  indicated  in  Figure  15,  but  unfortunately  only  one  data  point  occurs  in  what 
is  most  probably  the  single-phase  ferrite  region. 

The  electron  microprobe  results  shown  in  Table  3  are  generally  inconclusive. 
One  is  unable  to  say  whether  or  not  the  phosphorus  content  of  the  ferrite  matrix 
is  depleted  in  those  ternary  alloys  in  which  only  carbides  have  formed.  Once 
FejP  begins  to  form,  however,  the  matrix  is  clearly  depleted  of  phosphorus,  as 
one  would  expect. 

The  chemical  analyses  of  "carbides"  extracted  from  several  Fe-P-C  alloys  of 
the  medium-carbon  series  are  also  presented  in  Table  3.  The  results  for  the  three 
alloys  with  phosphorus  contents  of  2  wt%  and  j.bove  (B-8,  B-9,  and  B-10)  most 
likely  represent  the  analysis  of  what  is  predominantly  the  phosphide  Fe^P.  There 
is  an  apparent  enrichment  of  the  carbide  in  the  lower  phosphorus  alloys,  although 
these  results  also  may  be  influenced  by  centamination  by  a  similar  phosphide 
phase.  The  ferrite  lattice  parameter  measurements  tend  to  confirm  the  interpre¬ 
tation  that  a  true  enrichment  of  the  carbide  has  in  fact  occurred,  however. 

The  early  X-ray  work  of  Hagg^®  on  iron-phosphorus  alloys  detected  no  change 
in  the  ferrite  lattice  parameter  due  to  phosphorus,  in  spite  of  the  atomic  radius 


28.  R..  jnd  BAl'l  R.  11.  Fhf  imury  SvUt  m  Arch.  I  iscnhiincnw..  v.  5.  1931.  p.  269-278. 

29.  MAC*(i.  Ci.  X  ka\  StuJivi  of  the  Houir\  .Vvi/rwj  of  Iron  with  Phosphorus.  Arst'fuc.  Antimony,  ami  Bismuth.  Z.  Krtst..  v.  68, 
1928.  p.  47(M72. 
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Figure  11.  Schematic  represent^on  of 

ternary  phase  diagram  at  600  C  consistent 
with  the  present  experimental  data. 
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of  phosphorus  being  less  than  that^of 
iron.  Hornbogen^®  and  later  Gale, 
however,  observed  a  decrease  in  the 
lattice  parameter  measured  in  alloys 

quenched  from  1100  C, 
phosphorus  dissolves  substitutional ly 
in  ferrite.  The  results  of  the  pres¬ 
ent  study  on  annealed  alloys  are 
presented  in  Table  3  and  are  Plo^ed 
versus  phosphorus  content  in  Figure  16. 
Meaningful  lattice  parameter  results 
were  not  obtained  from  the  higher 
phosphorus  binary  alloys,  due  possibly 
to  a  lack  of  homogeneity  in  these 
specimens.  However,  the  lattice  pa¬ 
rameter  in  the  single-phase  binary 
alloy  (0.69%  P)  appears  to  support 

Hornbosen's  and  Gales' 
results  from  the  ternary  Fe-P-C  alloys 
exhibit  a  lesser  reduction  lattice 
parameter  due  to  phosphorus  than  that 
experienced  by  the  binary  alloys,  with 
the  solubility  limit  occurring  roughly 

in  the  vicinity  of  1  wt%  P. 
bility  limit  is  somewhat  below  that 
suggested  by  the  microprobe  results 
but  appears  more  consistent  with  the 
results  from  the  binary  alloy  series. 

The  relative  changes  in  the  ferrite 
lattice  parameter  in  binary  and  ter¬ 
nary  alloys  point  toward  a  partitioning 
of  phosphorus  to  the  carbide  phase  and 
a  depletion  of  the  ferrite  matrix,  re¬ 
sulting  in  a  distribution  coefficient 
k  greater  than  one.  A  quantitative 
calculation  of  k  from  Equation  (10) 
was  not  considered  warranted  by  the 
data,  however.  Nevertheless,  this 
Qualitative  result  is  consistent  with 
the  conclusion  drawn  from  the  extracted 
carbide  analyses. 


30  HORNBOCEN,  E.  Precipitation  of  Phosphorus  from 
'  Alpha-Iron  and  Its  Effect  on  Plastic  Deformation. 
Trans.  ASM,  v.  53,  1961,  p.  569-588. 

31.  GALE,  B.  Lattice  Parameters  of  Solid  Solutions  of 

Phosphorus  in  Iron.  Acta  Met.,  v.  7,  1959,  p.  2 


Pimire  12  Iron-phosphonK  binary  phase  d'Wam 
fReference  23).  (Courtesy  of  McGraw-Hill  Company) 
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b.  Fe-1.41%P-0.32%C 


Fe-0.68%P-0.31%C 


d  Fe-2.85%P-0.31%C 

c.  Fe-2.16%P-0.28%C 

t  Ca.p  r  aiiovs  of  the  medium-carbon  series.  Mag.  5( 
Figure  14.  Microitructurei  of  Fe-P-C  alloys  or  me  m 


Figure  16.  The  hardness  of  Fe-P  alloys 
showing  the  solid  solution  hardening 
of  ferrite  by  phosphorus. 


cigure  16.  Ferrite  lattice  paramrter  as  • 

phosphorus  concentration  in  Fe-P  and  Fe-P-C 
allovs.  annealed  at  600  C. 


■e-S1  and  Fe-SI-C  Alloys 

The  published  Fe-Si  binary  (if rbiiar^'peHi^IeriS*^ 

ieries  containing  silicon  3g.  g  jable  4).  The  microstructures  of 

ind  (2)  a  medium-carbon  series  (%Cn^. 38,  J  Figures 

11  loys  homogenized  at  900  C  ^d  annealed  ^wo  weeks  at  500  L 

18  akd  19.  The  ordered  a*  phase  in  "g^rdered  a'  is  clearly  evidenced 

any  microstructural  change  .gj  later.  The  solubility  limit  of 

in\he  lattice  parameter  f  iJt  pt^re  18b.  where  the  first  evi- 

the  homogeneous  ferrite  pl^®-  ®  solid  solution  hardening  of  ferrite  by 

dence  of  the  e-phase  (FeSi)  .n  Is  showi  in  Figure  20.  The  medium- 

silicon  (in  both  disordered  a  and  ordered  a)  is  shown  in  r  g  ^icrostruc 

carbo.  series  in  Figure  19  sh»s  the  i„seice  of  PeSl  ever  detected 

tures,  but  FeSi  is  not  nncountered  “'iJoy, .  Thus,  the  solubility 

^Lu^l'nluonlrr  f:rS?e’'rf%Se  Siins-caSon  alloys  apparently  was  never 
exceeded. 

The  electron  microprobe  results  are  PJ®®®"^f^jgg  again  could  not  be  made  due 

analysis  of  the  silicon  concentration  in  the^car^des  again^c 

to  the  unavoidable  c’^citation  of  ^j^g^gg^gistently  shown  to  be  greater  than 
centration  of  silicon  in  the  enrichment  of  the  ferrite  and  a  corre- 

that  of  the  overall  alloy*  a°Mde  of  silicon  The  distribution  coefficient  k 
rit^'tSSlfor™  So  fcL^Sai^one!  and  in  fact  is  found  to  be  less  than  one  in 

the  X-ray  results. 


19 


>0 


■  eiCHT  »CK  CCkT  SiL'COk 
^  20  2)  SO  40  SO  iC 


'0  »C  M 


•iAi;6Mro«  «IC«IS  4{f  2C 

UILOT  Hf  4S 

0S*«4  HU*A*«  Btf  2> 


j«tO* 


Figure  17.  Iron-silicon  binary  phase 
diagram  (Reference  23). 
(Courtesy  of  McGraw'Hill  Company) 


CcwMsitlon 
Alloy  No.  tC  Si 


Table  4.  Fe-S1  AND  Fe-Si-C  ALLOTS 
Electron  Probe  Analysis  (;  _ 

Ferrite  Intermetallic  Carbide  Extract  Ferrite  Lattice 

Matrix  Carbide  Phase  (FcSi)  Overall  "iC  ?Si  Parameter* 


C-1 

0.01 

3.50 

C-2 

0.01 

7.01 

C-3 

0.03 

10.31 

C-12 

0.02 

14.60 

C-13 

0.02 

17.90 

C-14 

0.01 

21.00 

2.8622 

2.852n 

2.8414^  Ms-0. 002968 

2.8295J 

2.8251 

2.8264 


C-6 

0.38 

- 

C-7 

0.38 

3.52 

C-8 

0.38 

6.94 

C-9 

0.38 

10.46 

C-15 

0.34 

13.90 

2.97-3.17  2.73-3.04* 
6.58-7.65 

9.80-10.20  7.26* 

14.4  13.8* 


3.10 

3.4 

4.0 

6.57 

4.9 

2.7 

8.05 

4.9 

3.4 

14.1 


2.8666 

2.8622 

2.8519 

2.8408 

2.8294 


H  fH'.-O 


-0.003131 

064 


-Annealed  at  600  C 

*lnc1udes  excitation  of  adjacent  areas 
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c.  Fe-21.00%Si 


a.  he-3.!iV«»t 


b.  Fe-17.90%Si 


Figure  18.  Microstructures  of  alloys  of  the  Fe-Si  birrary  series  (%CM).02).  Mag.  600X. 


Table  4  also  presents  the  results  of  the  chemical  analyses  of  carbides 
extracted  from  the  ternary  Fe-Si-C  alloys.  In  spite  of  the 
difficulties  associated  with  this  technique  it  was  possible 

the  carbide  phase  invariably  has  a  lower  silicon  concentration  than  the  alloy  as 
a  whole,  indicating  a  depletion  of  the  carbide  consistent  with  the  other  "‘easure- 
ments.  The  results  of  other  workers  also  support  this  view.  Owen  ^® 

lattice  parameters  of  carbides  extracted  from  Fe-Si-C  alloys 
ence  from  the  parameters  of  FeaC.  suggesting  very  f 

in  the  carbide  phase.  In  addition,  the  analysis  t  .u. 

1.66%  Si-0. 69%  Mn-0.51%  C  steel  by  Kuo^^  also  showed  a  depletion  of  silicon  in  the 

carbide . 

The  ferrite  lattice  parameter  measurements  are  presented  in  Table  4  and  are 
plotted  versus  silicon  concentration  in  Figure  21.  The  data  ®8ree^well  with  the 
earlier  work  of  Jette  and  Greiner^^  (not  plotted),  Farquhar  et  al,  ^d  Lihl  an 
Ebel  The  sharp  break  in  the  lattice  parameter  plot  near  6  w«  Si  indicates 
the  composition  at  which  the  ordered  o'  phase  begins  to  form.  ^^® 

plot  beyond  15  wt%  Si  indicates  the  solubility  limit  in  ferrite.  Both  of  these 
values  agree  with  published  phase  diagram  data. 

32.  OWEN.  W.  S.  The  Carbide  Phase  in  Iron-Carbon  Silicon  Alloys,  i.  bon  Steel  Inrt..  v.  W,  P-  ,o*ii^i°‘2S9.274 
11  iPTTF  I?  R  and  GREINER  E  S  An  X-Ray  Study  of  Iron-Silicon  Alloys,  Ttani.  AIME.  v.  105,  1”3,  p.  259  . 

SS  ASI:  C TupSoS;  w¥lL.  A.'^R.'  An  w  study  of  Iron-Rich  Iron-Silicon  Alloys.  I.  bon  Steel  Imt.. 

35.  Rdnt^enoraphische  Untersuchungen  aber  den  Aufbau  elsenreicher  Elsen-Silizium-Leglerungen.  Arch. 

Eisenhiittenw.,  v.  32,  1961,  p.  489491. 
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c.  Fe-10.46%Si-0.38%C 


d.  Fe-13.90%Si-0.34%C 


M.  . 


Figure  19.  Microstructures  of  Fe-Si-C  alloys  of  the  medium-carbon  series.  Mag.  500X, 
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Hardness  (DPHI 
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Figure  20.  The  hardness  of  Fe-Si  alloys  showing  the 
solid  solution  hardening  of  a  and  a'  by  silicon. 


•  Ft-SI-OJWC 
□  Farquhar  et  al.  (Ref.  341 
■  LIM  and  Ebal  (Ret.  331 


0  '  2  4  6  8  10  •<  io  •*  " 

*  SI 

Figure  21.  Ferrite  lattice  parameter  as  a  furiction  of 
silicon  concentration  in  Fe-Si  and  Fe-Si-C 
alloys,  annealed  at  600  C. 


The  amount  of  current  data  is  limited  and  does  not  permit  the  accurate  de¬ 
termination  of  the  slopes  of  the  two  segments  of  the  plot  in  Figure  21. 
disordered  a  region,  M  for  the  binary  alloys  and  M'  for 
not  be  distinguished.  In  the  ordered  a'  region,  however.  |M  1  is 
than  I  Ml,  indicating  a  distribution  coefficient  k  of  less  th^  one.  Calculating 
the  disl;ibution  coefficient  from  Equation  (9)*  gave  in  genera  agreement 

with  the  electron  microprobe  and  carbide  extract  results.  Tliese  results,  of  course, 
pertain  to  the  equilibrium  between  ordered  o'  and  carbide,  but  hopefully  they  do 
not  differ  much  from  the  desired  o/carbide  equilibrium  relations. 

Fe-Sb  and  Fe-Sb-C  Alloys 

The  published  Fe-Sb  binary  phase  diagram^^  is  shown  in  Figure  22.  By 
the  greatest  amount  of  effort  was  expended  in  investigating  this  particular  al  y 
system  aurthHost  contradictory  remits  were  obtained.  alloy  series  may  be 

subdivided  into  four  groups  (see  Table  5):  a)  a  binary 

(21  a  low-carbon  series  (%C''^0.12),  (3)  a  medium-carbon  series  and  (4) 

a  high-carbon  series  (%C'vO..S3).  The  microstructures  of  several  of  these  aljoys 
homogenized  at  900  C  and  annealed  at  600  C  are  shown  in  Figures  23  to  25.  Figure 
23  pLsents  a  series  of  binary  alloys  with  increasing  antimony  contents.  The 

•Equation  (9)  could  be  used  directly  on  the  data  from  the  a'  region  becauM  the  lattice  parameter  intercept  at  0%  Si 
(i.e.,  a(o))  fortuitously  turned  out  to  be  the  same  for  both  the  binary  and  the  ternary  alloys. 
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•  EIGHT  nR  CENT  ANTIMONY 


solubility  of  antimony  in  ferrite  is  not  exceeded  until  a  concentration  of  roughly 
5  wt%  Sb  is  reached  (Figure  23c),  at  which  point  the  e-phase  (Fe3Sb2)  is  observed. 
The  solid  solution  strengthening  of  ferrite  by  antimony  is  illustrated  by  the 
hardness  data  plotted  in  Figure  26. 

Figure  24  shows  the  microstructures  of  the  alloys  of  medium-carbon  series. 
Here  the  e-phase  is  already  observed  at  2.80  wt%  Sb  (Figure  24b)  suggesting  that 
the  solubility  of  the  e-phase  in  ferrite  is  markedly  reduced  in  the  presence  of 
carbon.  There  is  little  ambiguity  in  distinguishing  the  e-phase  from  cementite  in 
these  alloys  because,  under  polarized  light,  e  appears  bright  red  whereas  cement¬ 
ite  appears  bluish  in  color.  However,  this  reduced  solubility  of  the  e -phase  is 
not  observed  in  the  higher  carbon  alloys,  nor  is  it  corroborated  by  the  ferrite 
lattice  parameter  measurements.  The  metal lographic  results  are  also  inconsistent 
with  the  X-ray  results  In  other  ways  to  be  discussed  later,  forcing  one  to  specu¬ 
late  that  these  are  not,  in  fact,  phases  in  equilibrium  in  these  medium-carbon 
alloy  microstructures.  The  appearance  of  the  cementite  in  pearlite  colonies  indi¬ 
cates  that  austenite  was  formed  during  the  homogenizing  heat  treatment  at  900  C. 

It  may  be  that  the  e-phase  also  formed  at  this  temperature  and  then,  for  kinetic 
reasons,  did  not  dissolve  during  the  600  C  anneal,  but  this  interpretation  is 
only  speculative. 
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a.  Fe-0.49%Sb 


b.  Fe-1.94%Sb 


c.  Fe-5.54%Sb 


d.  Fe-15.10%Sb 


Figure  23.  Microstructures  of  alloys  of  the  Fe-Sb  binary  series  |%C'''0.02).  Mag.  500X. 
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b.  Fe-2.80%Sb-0.3B%C 


Fe-1.45%Sb-0.36%C 


d.  Fe-6.48%Sb-0.36%C 


Fe4.04%Sb-0.35%C 


Fe-Sb-C  alloys  of  the  medium-carbon  series.  Mag.  500X 


Figure  24.  Microstructures  of 


TIk'  microstructures  of  the  hi^h-carbon  series  of  alloys  are  shown  in  Figure 
2S.  i'he  r-phase  does  not  appear  until  the  7.14  wt%  Sb  alloy  of  Figure  25c.  In 
conjunction  with  the  metal lographi c  results  of  the  binary  alloy  series,  this  would 
suggest  that  the  solubility  of  e  is  not  significantly  affected  by  the  presence  of 
carbon,  a  result  contrary  to  that  inferred  from  the  metallography  of  the  medium- 
carbon  series.  However,  the  absence  of  the  e-phase  from  the  lower  antimony  alloys 
makes  it  difficult  to  explain  some  of  the  upcoming  carbide  extraction  results. 
Therefore,  the  metallographic  results  are  in  themselves  contradictory.  The  most 
reasonable  interpretation  appears  to  be  that  the  solubility  of  antimony  in  the 
ferrite  of  all  alloys,  regardless  of  carbon  content,  is  near  5  wt%. 

The  results  of  the  electron  probe  microanalyses  are  presented  in  Table  5. 

The  compositions  reported  for  cementite  and  e  only  indicate  qualitative  values 
relative  to  the  matrix  composition  because  of  the  previously  mentioned  problem 
of  the  unavoidable  excitation  of  the  adjacent  matrix.  One  must  conclude  that 
there  is  considerable  inhomogeneity  in  some  of  the  structures  (cf,,  the  matrix 
compositions  of  Specimens  D-6,  D-10,  and  D-19-1) .  Nevertheless,  the  antimony 
concentration  of  the  carbide  phase  in  every  case  is  reported  to  be  less  than 
that  of  the  ferrite  matrix,  and  the  matrix  composition  in  most  cases  is  found  to 
be  richer  in  antimony  than  the  overall  composition  (except  where  formation  of  the 
e-phase  would,  of  course,  deplete  the  matrix  of  antimony).  Thus  a  value  of  the 
distribution  coefficient  k  of  less  than  one  is  clearly  indicated. 

The  analyses  of  the  various  carbide  extracts  are  also  presented  in  Table  5. 
Contrary  to  the  electron  probe  analyses,  these  invariably  resulted  in  an  apparent 
antimony  concentration  in  the  carbide  well  in  excess  of  the  overall  composition, 
indicating  a  distribution  coefficient  greater  than  one.  This  contradictory  result 
could  be  explained  if  the  extracts  also  contained  some  e-phase  along  with  the  car¬ 
bide.  However,  for  some  of  the  alloys  the  e-phase  should  not  have  been  present 
and,  in  fact,  was  not  observed  metal lographically,  nor  was  e  observed  in  the  X-ray 
diffraction  analysis.  Thus  for  these  specimens  the  result  remains  an  anomaly. 

The  crystal  structure  was  investigated  and  crystallographic  lattice  parameters 
determined  from  some  of  the  extracted  carbides.  Data  for  the  observed  diffraction 
peaks  obtained  from  carbides  of  the  high-carbon  series  are  presented  in  Table  6. 

The  peaks  were  indexed  assuming  an  orthorhombic  structure  and  the  lattice  parame¬ 
ters  calculated  as  described  previously.  These  lattice  parameters  are  plotted 
versus  antimony  concentration  in  Figure  27,  showing  little  change  in  the  volume 
of  the  unit  cell  with  antimony  content  of  the  alloy.  Assuming  that  antimony  atoms 
will  substitute  for  iron  atoms  on  the  cementite  lattice  to  form  a  carbide  of  the 
type  (FeSb)3C,  one  would  expect  the  unit  cell  dimensions  to  increase  if  the  anti- 
Twny  aiohi  larger  than  Irur..  Tl:o  fact  that  *uch  ot  inrrwait;  was  liut  observed 
suggests  that  antimony  is  not  partitioning  to  the  carbide  phase.  However,  this 
conclusion  must  be  considered  rather  tenuous,  based  on  this  evidence,  since  it  has 
been  rejmftefcl  tV^al  fW,  ti.ti  nn  of  tht'  I  Jbirrwvjr  J>t_;  tfX]"  Jp  UU. 

cementite  lattice  can  lead  to  a  reduation  in  the  size  of  the  unit  cell.^^  A  few 
diffraction  peaks  from  each  of  the  specimens  could  conceivably  be  identified  as 
part  of  the  diffraction  pattern  of  the  e-phase,  suggesting  the  presence  of  e  in 

36.  WESTGREN,  A.,  PHRAGMEN,  G.,  and  NEGRESCO,  T.  On  the  Structure  of  the  Iron-Chromium-Carbon  System.  J.  Iron  Steel 
Inst.,  V.  117,  1928,  p.  383-400. 
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the  carbide  extracts,  but  separation  of 
the  peaks  to  unequivocally  show  the 
presence  of  more  than  one  phase  was  not 
possible.  The  anomalous  result  for  the 
2.57%  Sb  alloy  suggests  the  presence  of 
an  antimony-rich  carbide  phase  different 
from  Fe3C. 

The  ferrite  lattice  parameter  data 
are  contained  in  Table  5  and  are  also 
plotted  versus  antimony  concentration  in 
Figure  28.  The  expansion  of  the  ferrite 
lattice  is  shown  as  expected  in  each 
case.  Specimens  of  one  binary  alloy 
(D-23-1)  were  annealed  for  two  weeks  at 
400.  600,  800,  and  950  C  and  the  lattice 
parameters  measured,  from  which  the 
limit  of  solubility  of  antimony  in  fer¬ 
rite  was  determined.  The  resulting 
solvus  line  is  shown  in  Figure  29.  Pre 
vious  measutements  of  the  solid  solub: 1' 
ity  of  antimony  in  a-iron  have  produced 
varying  results .  Tlie  X-ray  work  of 
Hagg^^  gave  the  solubility  as  6.3  wt% 

Sb  at  some  unspecified  low  temperature. 
Geller^^  metal lographically  determined 
the  solubility  to  be  8  wt%  Sb  at  the 
eutectic  temperature  decreasing  to  5  wt% 
Sb  at  room  temperature.  Fournier^® 
reported  a  solubility  of  12  wt%  Sb  at 
The  present  results  fall  in  this  same 
to  give  more  accurate  values  than  the 


Figure  27.  Lattice  parameters  of  orthorhombic  (FeSb)3C 
as  a  function  of  antimony  concentration  in  Fe-Sb-C 
ailoys  of  the  high-carbon  series. 

950  C  based  on  metal lographic  examination 
range  of  solubilities,  and  are  considered 
previously  cited  results. 

The  solubility  of  the  e-phase  at  600  C  does  not  appear  to  be  significantly 
affected  by  the  prLence  of  carbon;  the  medium-  and  high-carbon  series  alloys 
give  roughly  the^same  solid  solubility.  It  may  be  recalled  that  medium-carbon 
feries  alloys  with  as  little  as  2.84  wt%  Sb  exhibited  the  presence  of  the  e-phase 
along  with  cementite  and  ferrite  in  the  microstructure.  If  these  alloys  were 
showing  true  three-phase  equilibrium,  the  ferrite  composition  would  have  remained 
fixed  even  though  the  antimony  concentration  in  the  alloys  varied,  and  the  ferrite 
lattice  parameter  would  have  been  unchanged  in  all  the  alloys  with 
centrations  greater  than  that  in  which  e  first  appeared.  Instead,  the  lattice 
pa^Imfter  meLurements  show  a  continuous  increase  throughout  this  composition  range, 
signifying  a  changing  ferrite  composition  and  hence  no  three-phase  equilibrium. 

There  does  not  appear  to  be  any  way  of  reconciling  the  X-ray  and  metal  lographic 
results  short  of  Lsuming  that  the  latter  were  affected  by  inhomogeneities  in 

37  GELU  R  W.  The  System  Iron-Cobalt-Antimony.  Arch.  Eisenhuttcnw.  v  13,  1939  p.  263-266. 

38!  FOURNIER,  P.  The  Iron-Antimony  System.  Rev.  Chcm.  Ind.,  v.  44,  1935,  p.  195-199. 
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Table  6.  X-RAY  DATA  fROH  CARBIDES  EXTRACTED  FROM  Fe-Sb-C  ALLOYS 
Alloy 


Fe^C 

(A5TM 


C-6 


hkl 

020 


0-25 

l.SAXSb 


0-26  0-27 

2.57Y5b  A.38t5b 


D-28 

7.1«Sb 


112/021 


200 


120 


2«  • 
I  ■ 
d  • 

26  = 

1  ■ 
d  ■ 

26  ■ 
I  ' 
d  ’ 

26 

I 

d 


122 


212 


320 


53.167 

53.220 

63.266 

53.667 

s 

53.333 

VW 

VW* 

2.54 

VW 

2.560 

u 

2.557 

2.555 

2.538 

2.552 

56.967 

57.109 

57.266 

57.267 

VW 

VS 

2.38 

VS 

2.402 

•s 

2.397 

2.390 

2.390 

M 

2.26 

60.433 

M 

2.276 

60.561 

W 

2.272 

60.667 

-W 

2.268 

60.167 

♦W 

2.285 

- 

M 

2.23 


62.067 

-M 

2.222 


2e  • 

65.444 

65.612 

65.755 

u 

66.167 

W 

121 

I  ■  VS 
d  •  2.10 

VS 

2.119 

2.114 

2.110 

2.099 

210 

26  • 

I  •  VS 
d  ■  2.06 

66.866 

VS 

2.079 

67.035 

.M 

2.075 

67.170 

-M 

2.071 

67.366 

VW 

2.066 

103 

26  = 

I  •  VS 
d  -  2.01 

68.950 

VS 

2.024 

69.121 

VS 

2.019 

69.233 

VS 

2.016 

69.566 

VW 

2.008 

26  • 

70.432 

70.596 

70.734 

M 

71 .966 
W 

211 

I  •  VS 
d  .  1.99 

VS 

1.986 

1.982 

1.979 

1.950 

113 

26  • 

I  .  -M 

d  .  1.87 

75.089 

M 

1.880 

75.170 

M 

1.878 

75.300 

-M 

1.875 

- 

76.233 

26  • 

-M 

- 

OOA/023 


221 


130 


222 


033 


I 

d 

2e  ■ 

I  • 
d  • 

26  • 

I  ■ 

d  ■ 

26  ■ 
I  ■ 
d  ' 

26  ^ 
I 
d 

26 

I 


26 

1 

d 


S 

1  .bo' 


i.Bse 

80.967 


81.198 
W 


112.000 

Wl 

1.382 


26 

I 

d 

26 


I  - 
d  • 


322 

♦Intensities: 


138.333 

VW 

1.226 

S  ■  strong,  M  •  medium,  W  •  week,  V 


66.433 

-M 

2.091 

67.633 

M 

2.058 

69.300 

-M 

2.015 

70.800 

•M 

1.97B 

76.367 

VU 

1.874 

76.200 

VW 

1.857 


-M 

1.77 

• 

1.764 

1.760 

-M 

1.68 

85.300 

-M 

1.691 

85.447 

-M 

1.688 

85.566 

♦W 

1.687 

- 

85.733 

+W 

1.684 

88.260 

88.300 

88.333 

u 

88.667 

♦W 

. 

.w 

1.61 

•W 

1.645 

W 

1.645 

1.644 

1.639 

92.200 

1  -M 
.  1.59 

VW 

1.590 

98.400 

VW 

■  W 

.  1.51 

1.513 

very 
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antimony  composition.  The  X-ray  results  could  have  been 

carburization  of  the  specimens,  causing  them  to  appear  as  binary  alloys,  but  it 
is  felt  that  alloy  inhomogeneity  had  the  dominant  effect. 

The  values  of  M'  obtained  from  various  groupings  of  alloys  are  presented  in 
Table  5.  In  every  case  M'  >  M,  signifying  a  distribution  coefficient  less  than 
one  In  fact  some  values  of  k,  as  calculated  from  Equation  (9),  are  negative 
(a  physical  impossibility).  A  negative  k  simply  means  that  the  calculated  tie  line 
in  the  "ferrite  >  carbide"  two-phase  region  intercepts  the  edge  of  phase  dia¬ 
gram  at  a  carbon  content  less  than  the  carbon  content  of  cementite. 
clear?/  in  error,  but  it  nevertheless  confirms  the  fact  that  the  equilibrium  anti¬ 
mony  cLcentration  in  the  carbide  is  much  less  than  the  antimony 
X  feSue.  and  that  k  is  less  than  one  as  is  shown  directly  in  the  medium-  and 

high-carbon  series  results. 

Therefore,  the  X-ray  and  microprobe  results  .®  _ 

coefficient  of  less  than  one,  meaning  that  antimony  will  ^ected  ^ 
bides  and  will  dissolve  substitutional ly  in  the  ferrite.  Also  the  X-ray  d 
metal lographic  results  both  suggest  a  solid  solubility  of  antimony  in  ferrite  of 
roughly*5  wt%  Sb  at  600  C,  independent  of  carbon  content.  In  spite  of  pro  1  m 
apparently  caused  by  inhomogeneous  alloys,  the  above  two  conclusions  appear  to  be 
most  consistently  reflected  in  the  experimental  results. 

Fe-As  and  Fe-As-C  Alloys 

The  published  binary  Fe-As  phase  diagram23  is  shown  in  Figure  30. 
series  containing  arsenic  may  be  divided  into  two  groups  C^ee  Table  7  .  W  a 
binary  Fe-As  series  (%C'v-0.01)  and  (2)  a  medium-carbon  series  (^C'v-O.SS).  All  alloys 
of  this  system  were  given  homogenizing  heat  treatments  at  800  C  ^d  ^"®® 
for  two  weeks  at  600  C.  The  microstructures  of  selected  alloys  from  these  two 
serieraw  pre?Lted  i^  Figures  31  and  32.  The  limit  of  solid  solubility  of  arse¬ 
nic  in  ferrite  is  not  reached  in  either  series  of  alloys  until  the 
centration  exceeds  that  of  Specimen  E-5  (Figure  31c)  in  ’ 

tent  wih  the  published  phase  diagram,  and  Specimen  E-10  (Figup  32b)  of  the 

medium-carbon  series.  The  arsenic-rich  phase  formed  f ®  ^  ihat 

in  the  binary  series  is  the  intermetallic  compound  FeaAs.  It  is  not  clear  what 
phase  is  present  with  the  ferrite  in  the  highest  arsenic  alloy  of  J^® 
carbon  series  (Figure  32c).  Its  volume  fraction  is  too  great  for  it  to  be  a  car- 
it  Ly  be  .'ternary  Fe-As-C  compeund.  The  solid  solution  strengthening  of 
ferrite  by  Lsenic  is  illustrated  by  the  hardness  data  of  Figure  33. 

The  electron  probe  microanalysis  results  are  presented  in  Table  7.  It  is 
consistently  found  that  in  the  alloys  containing  carbides,  the  carbides  show  a 
depletion  in  arsenic.  The  corresponding  enrichment  of  the  ferrite  that  should 
accompany  the  carbide  depletion  is  less  consistently  shown.  Nevertheless  the 
aSalysS  most  Sten  poin?  to  a  result  which  is  characteristic  of  a  distribution 
coefficient  k  less  than  one. 

The  ferrite  lattice  parameter  measurements  are  presented  in  Table  7  and  are 
also  plotted  versus  the  arsenic  concentration  in  Figure  34.  One 
alloy  containing  18.0  wt%  As  (Specimen  E-13)  was  annealed  at  400,  600,  700,  and 
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Figure  30.  Iron-arsenic  binary  phase  diagram  (Reference  23). 
(Courtesy  of  McGraw-Hill  Company) 


Table  7.  Pe-As  AND  Fe-As-C  ALLOYS 


_ Electron  Probe  Analysis  (X  As) 

CowDOsUion  Ferrite  Intermetallic  Ferrite  Lattice 

Alloy  No.  tC  SAs  Matrix  Carbide  Phase  (Fe^As)  Overall  Parameter* 


; 


,1 


E-1 

0.01 

1.28 

2.8690'^ 

Z-2 

0.01 

2.64 

2.8707 

E-3 

0.01 

3.98 

2.8729> 

M=0. 001623 

E-4 

0.01 

4.78 

3.98-4.35 

- 

- 

4.16 

2.8742 

E-5 

0.01 

5.37 

3.15-5.05 

- 

5.00 

2.8750j 

r2.8808 

(400*0 

E-13 

0.01 

18.00 

.  j 

1  2.8828 

1  2.8851 

(600*0 

(700*0 

L2.8858 

(800  "O 

£-7 

0.35 

1.15 

1.20-2.60 

0.14-0.72* 

1.00 

2.869r| 

E-8 

0.35 

2.73 

2.26-4.50 

0.20-1.22* 

- 

3.14 

2.8715  L 

/m‘=0. 001809 

E-9 

0.36 

3.39 

3.14-4.92 

1.03-1.62* 

- 

3.43 

2.8728  1 

\k*-0.93 

£-10 

0.36 

5.29 

5.03-6.43 

1.28-3.10 

- 

5.36 

2.876(J 

£-14 

0.31 

17.20 

2.8836 

'Annealed  at  600  C  unless  otherwise  indicated 
•Includes  excitation  of  adjacent  areas 
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c.  Fe-5.37%As  d.  Fe-18.00%As 

Figure  31.  Microstructures  of  alloys  of  the  Fe-As  binary  series  (%C'''0.01).  Mag.  500X, 
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800  C,  and  its  resulting  lattice  parameters  defined  the  limit  of  arsenic  solu¬ 
bility  at  these  temperatures.  The  solvus  line  determined  from  these  data  appears 
in  Figure  35.  This  is  in  excellent  agreement  with  other  experimental  determina¬ 
tions  of  arsenic  solubility  in  ferrite. 

The  solubility  limit  determined  from  the  lattice  parameter  of  the  17.2  wt%  As 
medium-carbon  alloy  (see  Figure  34)  appears  to  indicate  that  carbon  has  little 
effect  on  the  arsenic  solubility  in  ferrite.  However,  the  metal lographic  results 
did  not  show  this  alloy  to  consist  of  the  three  phases  ferrite,  cementite,  and 
Fe2As,  so  that  the  solubility  limit  given  may  not  necessarily  represent  the 
position  of  the  ferrite  comer  of  that  particular  three-phase  region  of  the  tern¬ 
ary  phase  diagram. 

The  values  of  M  and  M*  determined  from  Figure  34  show  M'  >  M,  signifying  a 
distribution  coefficient  k  less  than  one.  Calculating  k  from  Equation  (9)  gives 
the  result  k  =  -0.93.  Once  again  the  negative  value  of  k  corresponds  to  a  com¬ 
puted  tie  line  in  the  "ferrite  +  carbide"  two-phase  region  which  intercepts  the 
edge  of  the  ternary  phase  diagram  at  a  carbon  content  less  than  the  carbon  content 
of  cementite.  This  physical  impossibility  nonetheless  gives  strong  support  for  the 


39. 

40. 


M  \  Phosphorut  and  Arsenic  on  the  Crystal  Lattice  Parameter  am 

me  Hardness  of  Alpha-Iron.  Phys.  Metals  Metallog.,  v.  6,  1958.  p.  80^2. 
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Figure  35.  Iron-rich  end  of  the  iron-arsenic  binary  phase  diagram 
based  upon  present  results,  showing  the  o-solvus. 
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irgument  that  the  solubility  iit^thf  el^irormicroprib/^es^Us  and 

raSILln^ZrarcuraU  on  "rfSolte  side  of  the  fe,-tit..,.at.lde  interface. 


SUMMARY  AND  CONCLUSIONS 

The  occurrence  of  JL^rraln  jJlSy'of  f»Hte/ 

haracter  of  the  ferrite  matrix  in  interface  Itself,  has  been  altered  in 

arbide  interface,  or  the  characte  -rirfaccpc  that  occur  in  a  ductile  steel 

ome  way  such  that  the  normal  deforma  P  nartitioning  of  impurity  elements 
.re  now  impeded.  One  might  postulate  that  ^*1"  P"f  lead  to  such  an 

letween  the  ferrite  matri.x  and  the  car  i  interface  or  the 

Iteration  by  causing  impurities  is  tL  ductile  phase. 

>ther  during  the  partitioning  _  which  accumulate  on  the  ferrite  side  of  the 

)ne  might  anticipate  that  impuri  Furthermore  impurities  which  produce 

Interface  would  /o^  the  ferrite  are  presumably  most  effective  in 

^rpeSi^g  disioraSJ^:oUranrLL^e^d:formation.  anS  so  these  impurities  might 
le^expected  to  be  the  most  damaging  embrittling  agents. 

4,.  SAWAMURA.  H..  and  MORI.  T.  .n  ln.es,.a.io.,  of  E.umriu.n  0,a,ra,o  of  FcAs-C  SysU:.  Men.  .  ac.  Eng.  Kyo.o  Univ.. 

V.  14,  1952,  p.  129-144. 
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This  study  has  shown  the  elements  tin,  phosphorus,  silicon,  antimony,  -nd 
arsenic  all  to  be  potent  ferrite  strengtheners  (cf.  Figures  7,  15,  20,  26,  and 
33).  As  the  solubility  limit  in  ferrite  is  approached,  the  diamond  pyramid  hard¬ 
nesses  due  to  Si,  Sn,  Sb,  As.  and  P  are  approximately  450,  300,  200,  200,  and  180, 
respectively,  as  compared  to  a  hardness  of  about  80  for  unalloyed  ferrite.  (  a 
unit  concentration  basis,  i.e.,  the  hardness  increase  produced  by  1-6  of  the  impur¬ 
ity,  these  elements  would  rank  in  the  order:  P,  Sb,  Si,  Sn,  and  As.)  Of  these 
elements,  only  tin  and  phosphorus  appear  to  partition  to  the  carbide  phase,  tin 
doing  so  quite  strongly.  The  remaining  elements  silicon,  antimony,  and  arsenic 
partition  to  ferrite  and  so  would  tend  to  accumulate  on  the  ferrite  side  of  the 
ferrite/ carbide  interface.  Therefore,  based  on  the  above  rationale,  one  might 
anticipate  the  most  damaging  effects  from  antimony  and  silicon,  with  the  least 
effect  caused  by  arsenic.  The  work  of  Low  et  al.  did  in  fact  show  antimony  to 
have  the  greatest  effect  in  causing  temper  embrittlement  and  arsenic  the  least, 
but  they  also  show  a  strong  effect  due  to  tin.  The  strong  embrittling  effect  due 
to  tin,  however,  may  be  associated  in  some  way  with  the  tendency  to  form  a  ternary 
carbide  in  this  system,  which  was  the  only  system  shown  by  the  present  investi¬ 
gation  to  exhibit  this  tendency.  Coupled  with  these  effects  is  the  probability 
that  the  character  of  the  ferrite/carbide  interface  itself  plays  a  role  in  the 
embrittlement  process. 
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